Abstract Thirty-one of the longest available streamflow records for New Zealand were analysed to see whether shifts in flood and low-flow regime occurred in 1977/1978 corresponding to a shift in phase of the Interdecadal Pacific Oscillation. Annual peak flows, and annual minimum flows averaged over 28 days, for two periods, 1947-1977 and 1978-1999, were compared using box plots and statistical tests. The plots and the tests show that a decrease of flood size has occurred since 1978 in the Bay of Plenty region of the North Island, and that increases in flood size and low-flow magnitude have occurred in the South Island for most rivers with headwaters draining from the main divide of the Southern Alps and Southland. For much of the North Island apart from the Bay of Plenty, and the north of the South Island, no consistent pattern of shifts was identified.
INTRODUCTION
Management of water resources and avoidance of water-related hazards is often determined by the size of the water resource in extreme conditions. For example, design flood flow, typically for a stated probability of exceedence, is a key design parameter in the determination of size and hence cost of bridges, flood protection works and dam spillways. Design flood flow is also the basis for flood-plain hazard zoning.
Low-flow magnitude determines the viability of many water resource developments and the sustainability of water resource allocations. For example: the firm yield of energy generated by hydroelectric power schemes is dependent on the magnitude of low flows; irrigation that uses abstractions from rivers may not be viable if the withdrawals have to be curtailed frequently because flows are less than agreed thresholds.
In hydrological design, design flood estimates of high flows are typically determined from frequency analysis of flood records over the last few decades. The most common method is to apply extreme value frequency analysis to the series of peak flows for each year of record-the so-called annual maximum method. This method assumes that the expected frequency of flooding is unchanged from year to year: in statistical terms the series is said to be "stationary". Where few data are available for a particular location, extrapolation may be needed to spatially extend the frequency information from sites with data (McKerchar & Pearson, 1990) .
Low flows are often analysed in a similar way, by selecting the minimum flow averaged typically over 7, 14 and 28 days and applying extreme value frequency analysis methods. Alternatively, the flows exceeded 90, 95 or 99% of the time are simple indicators of the low-flow regime. Again, the assumption of stationarity is implicit in these estimates.
Recent climatological studies (Salinger & Mullan, 1999; Salinger et al., 2001 ) have demonstrated that the assumption of stationarity may not be valid, at least for annual rainfall in New Zealand. Compared with the period 1947-1977, consistent decreases of up to 8% occurred for the period 1978-1999 in the north and east of the North Island, and increases of more than 8% occurred in the west and south of the South Island. These shifts are attributed to shifts in the phase of a decadal scale oscillation of temperatures within the Pacific Ocean. Mantua et al. (1997) term this oscillation as a Pacific Decadal Oscillation (PDO), describing it as a " … coherent, interdecadal time scale ocean-atmosphere covariability". Mantua et al. (1997) use the leading eigenvector of North Pacific sea-surface temperature anomalies as an index for the state of the PDO. Folland et al. (2002) describe a similar oscillation (the Interdecadal Pacific Oscillation, IPO) for the whole of the Pacific basin. They demonstrate a strong similarity between the PDO and IPO time series and argue that they describe similar phenomena. They prefer the IPO because it is defined for the whole of the Pacific. This oscillation shifted phase in the mid-1940s and again in 1977 mid-1940s and again in /1978 mid-1940s and again in (Salinger et al., 2001 and it is thought that it shifted again in 1999. Shifts modulate the frequency of occurrence and intensity of El Niño and La Niña phases of the El Niño Southern Oscillation (ENSO) phenomenon: compared with the preceding three decades, more El Niño episodes and fewer La Niña episodes have occurred since 1978 (Salinger et al., 2001) . El Niño episodes tend to give more rain in the south and west of the country and drier conditions in the northeast. La Niña episodes tend to give less rain in the south and west, and more rain in the northeast (Mullan, 1995) .
An example of changes in runoff is shown in Fig. 1 , which presents annual mean flows for the Clutha River at Balclutha. In terms of catchment area (20 600 km 2 ) and discharge, this river is the largest in the country. Most of the discharge originates as precipitation in the extreme northwest of the catchment which climatologically is part of the west and south of the South Island, a region where rainfall has increased typically by more than 8% since 1978 (Salinger et al., 2001) . 1945 1950 1955 1960 1965 1970 1975 1980 1985 1990 1995 reductions in flow due to the closure of dams on the river at Lake Hawea (1955), Roxburgh (1956) and Clyde (1991) This result is consistent with rainfall records. The rainfall record from Milford Sound (Fig. 2) in the southwest of the South Island is the best available long-term rainfall record for indicating rainfall input into the headwaters of the Clutha River catchment. The Milford Sound mean annual rainfall for 1978-1999 was 6920 mm, 14% more than the 1947-1977 mean of 6085 mm. Chiew & McMahon (2002) included New Zealand hydrological data in a global study of the influences of the ENSO phenomenon on streamflow. Previous studies have examined the influences of the ENSO phenomenon on streamflow in New Zealand (McKerchar & Pearson, 1998; Mosley, 2000) and have demonstrated that influences occur mainly in the northeast of the North Island and in the axial ranges of the South Island. The aim of this study is to investigate where shifts in regime of high and low flow consistent with IPO shifts have occurred in New Zealand. A set of long streamflow records is assembled to examine whether systematic shifts in flow regime have occurred. Annual maxima and minima are extracted and a series of parametric and non-parametric statistical tests are applied to identify regions of the country where shifts appear to have occurred.
METHODS

Assembly of data
Streamflow data were sought for rivers where continuous records were available for at least 40 years in the period 1947-1999. This target was not always achieved, but 31 records were assembled with lengths between 33 and 53 years ( Table 1 ). The drainage areas for the records used are shown in Fig. 2 .
Flows are estimated by applying stage-discharge rating curves to measured water levels. Peak discharges are prone to error because frequently the rating curves must be extrapolated beyond the range of calibration gaugings. Standard procedures developed for this process (Mosley & McKerchar, 1993) ensure that extrapolation is undertaken systematically. In most cases it is anticipated that the measurement errors of individual flood peaks will not exceed 10-20%. (An exception applies for the Waihopai River in Southland where there is substantial uncertainty about the magnitude of the largest flood in the record.)
Inflows for six South Island lakes are included. These series are unaffected by hydroelectric operations. As it is not possible to measure lake inflows directly, the inflows are calculated from records of lake levels and outflows. These calculations take the differences in lake levels at successive time steps to estimate change in lake volume. Average inflow over a time interval (e.g. 6 h) is given by the average outflow plus the rate of change of lake volume. As lake levels are affected by wind, barometric pressure gradients and seiching, the estimates of lake volume changes, and the resulting inflows, are prone to error. For floods, the error is reduced substantially by using peak inflow averaged over 72 h (3 days). In contrast, the peak flows for rivers are the maxima of measurements made typically at 15-min intervals. Inflows for the lakes were not available after 1995.
Low flows over 28 days were extracted from archives: a period this long is used to ensure that minor perturbations such as the diurnal variations due to small power schemes are eliminated. The analysis uses the minimum from each 12-month period. To ensure independence of the annual minima which typically occur in summer, for all North Island rivers and a number of South Island rivers, the sampling is for a "water year" from July to June. The exceptions were the Rakaia River, the lake inflows for the Waitaki and Clutha River lakes and Lake Te Anau. These sites are all in the South Island where winter snow accumulation is significant, and low flows often occur in winter months. For these rivers, the data were extracted for calendar years. Low flows were not used for the Clutha River at Balclutha, where low flows are influenced by the control of Lake Hawea, and for the Taieri River, where low flows are affected by irrigation abstractions.
Where gaugings have been conducted regularly to monitor possible shifts in rating curves, low flows should be reasonably reliable. Errors in low flows occur in cases where inadequate gaugings have been undertaken to monitor shifts in ratings due to sediment movement and terrestrial and aquatic vegetation growth. Early records for some North Island rivers were discarded because archived low flows were exceptionally high compared with values for later years: investigation showed that the discarded data came from periods where there were no gaugings to confirm the early rating curves. usefully summarize the data. For each series, the plots present the minimum, the 25 percentile value (the value that is not exceeded in 25% of years), the 50 percentile (median), the 75 percentile, and the maximum.
Graphical presentation of flows
Box plots for the South Island annual minima low flows over 28 days are presented in Fig. 5 .
Tests applied
Statistical tests are used to determine whether the pre-1978 data differed from the post-1978 data. The tests used are the t-test for differences between means, the variance ratio (F)-test, and a non-parametric (Mann-Whitney) test.
The t-test and the F-test are parametric tests that require that the mean of each set of data be normally distributed, and this is assured by the central limit theorem for relatively small samples, except for the most perverse data. The t-test used includes an The t-test is applicable to non-normal data, but it lacks power-that is it is less likely to detect differences that are truly present than the equivalent non-parametric test (Helsel & Hirsch, 1992) . One way to handle the non-normal data is to transform them. Experience has indicated that in many cases the logarithmic transform is a reasonable normalizing transform for New Zealand flood data.
A second problem with the t-test is that it assumes that the mean is a good measure of central tendency. This is not the case with severely skewed data. In particular, the Waihopai data contain one flood that was much larger than all the others.
The Mann-Whitney (MW) test is the most powerful of the non-parametric alternatives to the t-test. Robson et al. (2000) recommend the MW-test for testing for a step change when the time of change is assumed known.
RESULTS
High flows
Box plots (Figs 3 and 4) respectively display the annual maxima for each of the North Island and South Island stations. Tables 2 and 3 present the probability levels for the tests applied to the North Island and South Island data respectively.
For the North Island apart from the Bay of Plenty, the series indicate no significant differences ( Fig. 3(a) and Table 2 ), although, perhaps exceptionally, the F-tests for the Mangahao are significant. Here, the post-1978 values have a wider inter-quartile range (IQR) and a greater range.
Increased median values, and higher maximum values are evident for many of the South Island records, most notably for those in the south and southwest. The distribution of South Island catchments showing these shifts is mapped in Fig. 6 .
Low flows
No consistent pattern of increase or decrease was evident for the North Island low-flow box plots and as none of the statistical tests indicated significance, the results are not included.
Box plots for the South Island catchments are presented in Fig. 5 and corresponding results of tests for the significance of differences in low flows between the two periods are presented in Table 4 . Features evident from the South Island box plots of low flows are: − a general increase and no reductions, in the maxima, the 75 percentile and median values from the first to the second period; − for the more southern catchments, increases in the 25 percentile and the minima; − for the more southern catchments, significant differences at the 5% level between the two periods by a range of tests in Table 4 . The dark shaded areas are the catchments for which the Mann-Whitney test and the two-sided t-test for the logtransformed series were significant at the 5% level. The tests were not significant for the light shaded areas.
DISCUSSION
Timing of shift
As the shift in IPO occurred over a period 1977/1978, the 1977 data could equally be grouped with data for the later period. This change led to minor adjustments in statistics of the significance tests, but overall did not alter the conclusions. Pettitt (1979) describes a more general test for change points without assuming any particular date.
Floods
The rivers that drain into the Bay of Plenty region (Fig. 3(b) ) in the North Island show some shifts for floods. The inter-quartile range (the difference between the 25 and 75 percentile values) for the post-1978 data is lower than for the pre-1978 plot and the range of the data tends to be less, indicating lesser variability in the data. This is most pronounced for the Rangitaiki at Te Teko, Whakatane, and Whirinaki records, but there is little change in the median, and this is supported by the MW-test. The F-tests (Table 2) for both natural and log-transformed data suggest that the differences between the variances for the two periods for these series are significant.
The data for rivers in the south and southwest of the South Island have more pronounced shifts for floods (Fig. 4) . Most of the records south of the Rakaia catchment show higher maximum values, higher 75 percentiles and higher median values on the box plots. Of the catchments south of the Rakaia, only Tekapo has a reduced median.
The statistical tests flag many of the shifts as significant at the 5% level. The shifts are most severe for the southernmost catchments of Te Anau and Waihopai.
Examples of the consequences of the shifts for flood frequency are illustrated in Figs 7 and 8 which present the analyses of the pre-and post-1978 data for Waihopai and Te Anau. The analysis uses the Gumbel (Extreme Value type 1) distribution fitted using the method of Probability Weighted Moments (McKerchar & Pearson, 1989) . These figures show the increases in the 1 in 100 annual exceedence probability (AEP) estimates which are listed in Table 5 . The Waihopai estimate is more than doubled, from 64 to 138 m 1947-1977 (lower) and 1978-1994 (upper) . The fitted lines are Gumbel (Extreme Value type 1) distributions fitted using Probability Weighted Moments. 1959 -1977 64.4 ±15 1978 -1999 138 ±36 Te Anau 3-day 1947 -1977 2780 ±440 1978 -1994 estimates. The Te Anau increase is from 2780 to 3560 m , a 28% increase. The 95% confidence limits for the Te Anau estimates overlap, but probably would not, if the next five years of the Te Anau data (1995) (1996) (1997) (1998) (1999) , which include several notable floods, were available.
Waihopai River in Southland
The lowland Waihopai catchment has a history characteristic of intensively developed parts of the country. At the time of Pakeha settlement the river was sluggish and meandering with many swampy areas. Originally covered in a mixture of forest and tussock grassland, all the catchment is now used for pastoral farming. Major channel straightening was undertaken in the 1950s to improve drainage. Extensive networks of on-farm tile drainage accompanied the channel "improvements" to straight trapezoidal channel sections. This work was largely complete by 1960.
When monitoring commenced in 1957, the Waihopai catchment was designated as a representative basin (Soil Conservation and Rivers Control Council, 1960; Ministry of Works, 1970) . The location of the recorder was shifted a short distance upstream in 1977. The river drains into the New River Estuary and is tidal to within a few kilometres of the recorder.
A severe flood on the catchment occurred in January 1984: the resulting insurance payouts for losses incurred through inundation of urban properties in low-lying suburbs of Invercargill (NZ$115 million, 2001 dollars) was the single largest sum for flood damage in New Zealand history.
The estimate of the peak flow for this flood is problematic because much of the flow was out of the trapezoidal river channel, and the extrapolation of the rating curve is uncertain where there is interaction between in-bank (within channel) and out-bank (flood plain) flow. However given that the 1984 flood was larger than all the other peaks, its magnitude does not affect the result of the non-parametric test. It is nominally taken as 200 m . The case for a shift in the flood regime is supported by shifts evident in other flow records and by shifts in local rainfall intensities. For example, similar magnitudes of shifts are evident for the Lake Te Anau inflows, about 140 km northwest of the Waihopai.
Shifts in rainfall
Examination of the Invercargill Aero daily rainfall record supports the apparent shift in the hydrological regime. For example mean annual rainfall increased from 1046 mm Daily rainfall (mm) greater than: Daily rainfall (mm) greater than: Fig. 9 Average number of days per year in the two periods (1947-1977 and 1978-1999) 1970-1971.) for 1947-1977 to 1138 mm for 1978-1999 , an increase of 92 mm (9%). This is consistent with the increase in mean runoff for the Waihopai which is 126 mm, or 31%. Occurrences of extreme daily rainfalls have also increased ( Fig. 9(a) ). (14%) is consistent with the increase in the Clutha River flows of 14% illustrated in Fig. 1 . Increases in daily extremes for the same period are also evident (Fig. 9(b) ). For example, daily rainfall exceeded 300 mm on nine days in 1947-1977, and on 17 days in 1978-1999. These results confirm the conclusion of Salinger et al. (2001) that rainfall in the south and southwest of the South Island has increased by more than 8% as a consequence of a shift in the IPO.
Low flows
The North Island data show no consistent evidence of shifts in low-flow regime. However, low flows have generally increased in the South Island since 1978. In the south and west, nonparametric and parametric statistical tests indicate that the null hypothesis, that the shifts are a chance outcome consistent with a null hypothesis of no change, is very unlikely (p < 0.05). In addition, the changes are matched by increases in rainfall, and this is attributed to a change of state of the IPO. The changes are less pronounced for central and northern South Island rivers. For example the MW-test statistics for changes in the medians of the low flows of the Buller, Waimakariri and Hurunui are in the range 10-15%, as are the two sided t-tests for differences in the means for these series. Given the larger changes to the south, the consistency of the increases between the rivers and the supporting rainfall analyses, it is reasonable to accept that the shifts are real for the central South Island. 1957-1977 (lower line) and 1978-1999 (upper line) . The fitted lines are lognormal distributions fitted using Probability Weighted Moments. The letters used as plot symbols enable individual events to be identified.
Surprisingly, the shift was not evident in the Rakaia data. It was expected to show a shift because the Rakaia River catchment lies between the Lake Tekapo catchment to the south, and the Waimakariri to the north, and the Rakaia flows are reasonably well correlated with Lake Tekapo inflows and the Waimakariri flows and both these records indicated shifts in the low flows.
Shifts are also illustrated for the Hurunui low flows in Fig. 10 which shows, for example, that one in ten year low-flow estimate increases from 12.7 to 14.8 m , an increase of 16%. Shifts of this order are to be expected in low flows for other large rivers in the central South Island. This result has consequences for the economics of irrigation development.
Future shifts and climate change
The non-stationarity reported in this study and attributed to shifts in the status of the IPO appears to be best represented by step changes. In any study seeking to identify trends due to future anthropogenic climate change, it will be important that this feature be identified and distinguished. However there is little guidance available about the future status of the IPO. Low flows have generally increased in the South Island over the period 1978-1999 with the largest shifts evident in the southern half of the island. Shifts typically of 15% occur in the one-in-ten year low-flow estimates for larger rivers that drain from the main divide of the Southern Alps.
CONCLUSIONS
The shifts in hydrological regime are consistent with changes in rainfalls and can reasonably be attributed to changes in the frequencies in ENSO extremes due to a shift in the IPO in 1977 IPO in /1978 At the time of writing (2002), it is not clear whether the IPO has moved to a state similar to that which prevailed for 1947-1977. The primary conclusion of this study is that for a large part of the South Island, and to a lesser extent the northeast of the North Island, flow data recorded for the period 1978-1999 might not be a reliable guide to the future.
